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We study a mobile quantum impurity, possessing internal rotational degrees of freedom, confined
to a ring in the presence of a many-particle bosonic bath. By considering the recently introduced
rotating polaron problem, we define the Hamiltonian and examine the energy spectrum. The weak-
coupling regime is studied by means of a variational ansatz in the truncated Fock space. The
corresponding spectrum indicates that there emerges a coupling between the internal and orbital
angular momenta of the impurity as a consequence of the phonon exchnage. We interpret the
coupling as a phonon-mediated spin-orbit coupling and quantify it by using a correlation function
between the internal and orbital angular momentum operators. The strong-coupling regime is inves-
tigated within the Pekar approach and it is shown that the correlation function of the ground state
shows a kink at a critical coupling, that is explained by a sharp transition from the non-interacting
state to the states that exhibit strong interaction with the surroundings. The results might find
applications in such fields as spintronics or topological insulators, where spin-orbit coupling is of
crucial importance.
I. INTRODUCTION
The basic theory of the spin-orbit coupling (SOC) is
discussed in most conventional quantum mechanics text-
books [1–3]. SOC is usually treated as an interaction
between the magnetic dipole moment of the electron, as-
sociated with its intrinsic spin and the magnetic field in
the rest frame of the electron induced by the positively
charged nucleus [4]. Moreover, an effective spin-orbit
coupling can be engineered by using an intense exter-
nal laser field [5–7]. Apart from leading to splittings in
atomic spectra [8] and being one of the main ingredients
of the nuclear shell model [9, 10], SOC was shown to
be of great importance in a variety of condensed-matter
phenomena. To name a few, it underpins the Dressel-
haus [11] and Rashba [12, 13] splittings that were used in
spintronics to create a spin-injected field transistor [14–
16] and antiferromagnetic memory [17–19]. It also stands
behind the spin Hall effect – spin imbalance generated by
charge circulation in paramagnets [20–23] as well as its
quantum counterpart [24] that leads to the distinction of
topological phases [25], giving rise to the discussions on
topological insulating electronic phases [26–28] and topo-
logical quantum computation [29–31], e.g. using Majo-
rana bound states [32]. Achieved by coupling internal
atomic degrees of freedom with laser fields [33], the spin-
orbit interaction has also been realised in ultracold gases
[34, 35] with topologically nontrivial states emerging due
to the interaction with synthetic gauge fields [36].
Here we consider another kind of spin-orbit coupling,
i.e., that induced by the excitations of a many-particle
environment. In particular, we focus on a bosonic many-
particle environment, acting as a mediator of the interac-
tion between two angular momenta corresponding to the
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internal and orbital motion of an impurity in the bath.
Such motion may be achieved, e.g., by applying a static
magnetic field to a system consisting of charged molecule
and neutral environment. For the impurity we consider
a quantum rotor. A rotating impurity surrounded by
a bosonic bath was previously shown to be effectively
represented by a quasiparticle named “angulon” [37–39],
which can be described by using the language of Feyn-
man diagrams for the excitations in the phonon contin-
uum [40, 41]. It has been also shown that the angulon
quasiparticle leads to novel phenomena such as realiza-
tion of magnetic monopoles in terms of molecular impu-
rities [42] or strong “anomalous” electromagnetic screen-
ing [43]. Moreover, the angulon theory can explain the
anomalous broadening of the spectroscopic lines observed
in superfluid helium nanodroplets [44].
The paper is organized as follows. In Section II, we
present the Hamiltonian of the system obtained from
the recently introduced “rotating polaron” quasiparti-
cle [45] by taking into account the geometrical aspects
of our system. We subsequently introduce a coordinate
transformation that brings the Hamiltonian into the ref-
erence frame co-rotating with the impurity’s center-of-
mass, eliminating the angle of circulation from the Hamil-
tonian. In Section III, we investigate the Hamiltonian by
using one-phonon variational ansatz in the regime of the
weak coupling between the impurity degrees of freedom
and the many-body environment. We present the en-
ergy spectrum of the system and illustrate the transition
between different angular momentum states. The transi-
tion is explained within the framework of the spin-orbit
coupling by calculating the correlators between the an-
gular momentum operators. We show that in the vicinity
of the angulon instability [37] the coupling amplifies due
to the increased probability of the phonon exchange. In
Section IV we follow the Pekar approach [46] to examine
the effect in the strong-coupling limit and thereby es-
tablish a connection between the bath-mediated angular
momentum exchange and the effective spin-orbit inter-
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2action of the molecule in the medium. We conclude the
paper in Sec. V with a discussion of our results.
II. THE HAMILTONIAN
The Hamiltonian that describes a moving impurity
posessing internal rotational degrees of freedom im-
mersed in a bosonic environment, derived from the first
principles within the Bogoliubov approximation [47], was
studied in Ref. [45]. Here we consider the case, where
the transverse motion of the impurity’s center-of-mass
(COM) is confined to a ring of radius r0 in the xy-plane.
The geometry of the problem is sketched in Fig. 1. Such
a configuration can be obtained for example by consid-
ering a charged molecule in a neutral bath subjected to
an external magnetic field B = Bextzˆ. Then, as it is
described in more detail in Ref. [45], the corresponding
Hamiltonian for this configuration is given by
Hˆ = Bext(Jˆz + Lˆz) +B0Jˆ2z +BLˆ2 (1)
+
∑
kλµ
ω(k)bˆ†kλµbˆkλµ + Hˆint ,
where atomic units are used and B0 ≡ (2Mr20)−1, M
is the mass of the molecular impurity, B the molecular
rotational constant, Jˆ the angular momentum of circular
motion, and Lˆ the angular momentum of the impurity’s
internal rotation. The first term in Eq. (1) describes the
interaction between the angular momentum of the molec-
ular impurity with the external magnetic field Bext, the
second stands for the kinetic energy of the COM motion,
whereas the third is the kinetic energy of the internal
rotation. The forth term, in turn, corresponds to the ki-
netic energy of the bath with
∑
k ≡
∫
dk. Here bˆ†kλµ and
bˆkλµ are the bosonic creation and annihilation operators
written in the spherical basis. They obey the commuta-
tion relation [bˆkλµ, bˆ
†
k′λ′µ′ ] = δ(k − k′)δλλ′δµµ′ . Finally,
the last term describes the impurity-phonon interaction,
Hˆint =
∑
kλµ
lδαγ
[
Uδγµlαλ (k)jl(kr0)Yˆ ∗l,δ(Ωˆr)Yˆ ∗α,γ(Ωˆ)bˆ†kλµ +H.c.
]
,
(2)
with rˆ ≡ (r0, Ωˆr) ≡ (r0, pi2 , ϕˆr) being the circulation op-
erators of the COM coordinate, Ωˆ ≡ (θˆ, ϕˆ) angular op-
erators of internal rotation, jl(kr0) the spherical Bessel
function of the first kind, and Yˆl,m(Ωˆ) the spherical har-
monics. The coupling amplitude is given by
Uδγµlαλ (k) = Uα(k)
√
4pi(2α+ 1)(2l + 1)
2λ+ 1
iλ−α−lCλ0α0,l0C
λµ
αγ,lδ ,
(3)
where Cλµαγ,lδ are the Clebsch-Gordan coefficients [48].
It is straightforward to show that the derived Hamil-
tonian is rotationally invariant. In other words, the total
angular momentum of the system, Kˆ = Jˆz+ Lˆz+Λˆz, is a
FIG. 1. Schematic diagram of a rotating impurity immersed
into the bosonic bath. The center-of-mass (COM) transverse
motion is confined to a ring of radius r0 in the xy-plane
(dashed line). Here (x, y, z) and (x′, y′, z′) are the laboratory
and circulation frames, respectively.
constant of motion, i.e., it commutes with the Hamilto-
nian. The latter indicates that the energy eigenstate can
be constructed from the eigenstate of the total angular
momentum, which will be discussed below in a more de-
tail way. Furthermore, it allows us to consider the prob-
lem in the reference frame co-rotating with the molecule’s
center-of-mass (x′, y′, z′). Namely, if we introduce the
following canonical transformation
Sˆ(ϕˆr) = exp
[
− iϕˆr
(
Λˆz + Lˆz
)]
, (4)
with Λˆ =
∑
kλµν
σλµν bˆ
†
kλµbˆkλν being the collective angular
momentum of the bosonic bath, the transformed Hamil-
tonian becomes independent from the external rotational
angle, ϕˆr,
Hˆ′ ≡ Sˆ−1HˆSˆ = Bext
(
Jˆz − Λˆz
)
+B0
(
Jˆz − Lˆz − Λˆz
)2
+BLˆ2 +
∑
kλµ
ω(k)bˆ†kλµbˆkλ + Hˆ′int . (5)
Here the molecule-bath coupling term is given by
Hˆ′int =
∑
kλµ
∑
αγ
[
V γµαλ (k)Y
∗
α,γ(Ωˆ)bˆ
†
kλµ +H.c.
]
, (6)
with the interaction amplitude
V γµαλ (k) =
∑
lδ
Uδγµlαλ (k)jl(kr0)Yl,−δ
(pi
2
, 0
)
. (7)
The total angular momentum of the system in the co-
rotating frame, on the other hand, is equal to the angular
momentum of the circular motion
Sˆ−1(Jˆz+Lˆz+Λˆz)Sˆ = (Jˆz−Lˆz−Λˆz)+Lˆz+Λˆz = Jˆz . (8)
Therefore, in the co-rotating frame the eigenvalues of the
angular momentum Jˆz label the total angular momentum
numbers.
3III. WEAK-COUPLING REGIME
Together with the conservation of the total angular
momentum, Eq. (8) results in a constraint on the trial
wavefunction: in the transformed frame it should be an
eigenstate of the Jˆz operator. Therefore, one can write
down such a wavefunction with the explicit dependence
on the external rotation angle, ϕˆr,
〈ϕr| Sˆ(ϕˆr) |ψ〉 = 1√
2pi
exp[iMϕr]Sˆ(ϕr) |ψM 〉 , (9)
where M is the eigenvalue of total angular momentum
operator.
The wavefunction (9) is a tensor product of circular
motion eigenstate and the eigenstate of a steady impu-
rity coupled to a bath. Let us assume that the interaction
between the molecular impurity and the many-particle
environment is weak compared to the molecular kinetic
energy, parametrized by B. In this case, we can consider
the Fock space alongside with truncating the number of
phonons. In order to solve the eigenvalue equation of
the Hamiltonian (5) in this regime, we introduce the fol-
lowing single-phonon variational ansatz (similar to Ref.
[37])
|ψM 〉 = g |LML〉 |0〉+
∑
kλµjm
αkλµjm |jm〉 bˆ†kλµ |0〉 , (10)
where L and ML are eigenvalues of Lˆ
2 and Lˆz oper-
ators, respectively, and g∗ and α∗kλµjm are variational
parameters. The minimization of the energy functional
F = 〈ψ| Hˆ − E |ψ〉 with respect to parameters g∗ and
α∗kλµjm results in the self-consistent Dyson equation
BL(L+1)+Bext(MJ+ML)+B0M
2
J−E−ΣMJLML(E) = 0 ,
(11)
with MJ ≡M −ML being the eigenvalue of the angular
momentum of circular motion. The self-energy is given
by
ΣMJ ,LML(E) =
∑
kλµjm
∣∣ξLMLλµ,jm(k)∣∣2(Bext(MJ+ML−µ)
+B0(MJ +ML−m−µ)2 +Bj(j+ 1) +ω(k)−E
)−1
,
(12)
where
ξLMLλµ,jm(k) =
∑
αγ
V γµαλ (k)
√
(2α+ 1)(2j + 1)
4pi(2L+ 1)
CL0α0,j0C
LML
αγ,jm .
(13)
The energies for each set of the free parameters
{L,ML,MJ} that characterizes the state may be found
self-consistently via the poles of the Green’s function
GMJ ,LML(E) =
1
BL(L+ 1)− ΣMJ ,LML(E)− E
, (14)
and the entire excitation spectrum of the system may be
examined via the spectral function,
AMJ ,LML = Im[GMJ ,LML(E + i0+)] . (15)
In order to provide a quantitative description of the
spectral function, we adapt the parameters from Ref.
[37], such as the Bogoliubov dispersion relation
ω(k) =
√
ε(k)(ε(k) + 2gbbn) , (16)
where the boson-boson interaction is considered constant
gbb = 4piabb/mb and the boson-boson scattering length
abb = 3.3/
√
mbB, as well as the impurity-boson interac-
tion potential
Uλ(k) =
√
8nk2ε(k)
ω(k)(2λ+ 1)
∫
drr2fλ(r)jλ(kr) , (17)
with the Gaussian form factor fλ(r) =
uλ(2pi)
3/2e−r
2/(2r2λ) and the parameters λ = {0, 1},
u0 = 1.75u1 = 218B, and r0 = r1 = 1.5/
√
mbB. These
parameters are chosen to approximate the range and
strength of a typical atom-molecule potential.
In Fig. 2 the spectral function (15) as a function of the
normalized energy, E˜ = E/B and normalized bath den-
sity, n˜ = n(mbB)
3/2, is presented. The bright and sharp
lines correspond to stable quasiparticle states that ex-
hibit a negative shift in the energy, and they are dressed
by bosonic excitations in high-density regime. The darker
blurred regions, on the other hand, depict the metastable
excited states of phonon continuum that become com-
pletely decoherent at large values of n˜. When the quasi-
particle states intersect with the phonon excitations, the
angular momentum is being transfered from the internal
degrees of freedom to the bath [37]. The transition oc-
curs only if the intersection reveals the disintegration of
the stable quasiparticle state (red circles), later referred
to as instability, and does not occur in other cases (green
circle).
We picture the spectral function for those specific
states that permit the coupling between external and in-
ternal momenta through the excitations in many-body
surroundings. For these states the behavior of the spec-
tral function in the vicinity of instability regions is gov-
erned by the values of quantum numbers MJ and ML
with respect to each other. We will further use the nota-
tion |L,ML,MJ〉 to define the state. In Fig. 2, the state
|2,−1, 2〉 has only two allowed transitions, with lower
levels: states |2, 0, 0〉 and |0, 0, 2〉. The state with the
inverted orientation of internal rotation, |2, 1, 2〉, on the
other hand, exhibits an additional transition from |2, 0, 1〉
energy level. By observing such a behavior of the spectral
function, one may suggest that the transition probability
should depend on the relative projections of the partic-
ipating angular momenta. In general, that would imply
that the energy of each state is dependent on the coupling
between external and internal angular momenta.
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FIG. 2. The spectral function of the system, AMJ ,LML , as a
function of the normalized energy and bath density for differ-
ent configurations of the free parameters {L,ML,MJ}. The
state |2, 1, 2〉 exhibits an additional transition from the |2, 0, 1〉
state (red circles), whereas the same state with the inverted
orientation of internal rotation |2,−1, 2〉 does not reveal such
a transition (green circle).
The quantitative evaluation of such coupling, however,
is not that straightforward. Provided that the interaction
between two angular momenta is mediated by the phonon
exchange, we choose the correlation of Jˆz and Lˆz opera-
tors as a measure of the coupling. The energy solution to
Eq. (11) together with the normalization condition on the
state (10) allows us to obtain values of the variational co-
efficients g and αjmkλµ, and thereby numerically defines
the trial state (10). With the wavefunction of the system
being numerically defined for each set of {L,ML,MJ},
one can further calculate the expectation value via the
following relation
C ≡ 〈ψ| JˆzLˆz |ψ〉 − 〈ψ| Jˆz |ψ〉 〈ψ| Lˆz |ψ〉 . (18)
The dependence of the coupling strength on the nor-
malized bath density, calculated within Eq. (18) is pre-
sented in Fig. 3. We consider three sets of angular
momentum projections: |0, 0, 0〉 - corresponding to the
ground state of the system, where the correlation is in-
finitesimally low, however not zero, as shown on the inset,
and |2,−1, 2〉 and |2, 1, 2〉, for which the results agree with
the behavior of the spectral function in Fig. 2. Nonzero
values for the ground state (inset) are explained by the
fact of spontaneous creation of a phonon in the system
with zero initial rotations. Due to the conservation of to-
tal angular momentum such a phonon should induce both
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FIG. 3. The dependence of angular momentum correlation on
the density of the bosonic bath. In the ground state, |0, 0, 0〉,
the Jˆz and Lˆz operators exhibit infinitesimally small correla-
tion (inset), whereas in the excited states the two are coupled
to each other in the instability regime with the maximum
amplitude dependent on the relative projections of momenta.
rotations, thus actuating the interaction between them.
The correlation in general is stronger for the positive val-
ues of ML, given positive values of MJ , which allows us
to draw a parallel to a conventional term in the rela-
tion for the energy representing the spin-orbit coupling:
∝ Jˆ · Lˆ. We therefore conclude that the selective transi-
tion behavior illustrated in Fig. 2 is a consequence of the
interaction between the internal (“spin”) and external
(“orbit”) rotational degrees of freedom of the impurity.
The results illustrated on Fig. 2 and Fig. 3 are valid in
the limit Bext → 0. This means that the effect is only a
consequence of the interaction between two angular mo-
menta and is enhanced, but not created, by the external
magnetic field.
IV. STRONG-COUPLING REGIME
In the regime of strong coupling between impurity and
bath degrees of freedom, we consider the Hamiltonian
in the laboratory frame (1) and apply the Pekar ap-
proach [46]. Similar approaches have been used for the
polaron [49] and angulon [50] quasiparticles as well as
for the rotating polaron [45]. The trial wavefunction is
defined as a tensor product of the impurity state |φimp〉
and the bath state |ξbos〉:
|ψ〉 = |φimp〉 ⊗ |ξbos〉 , (19)
and is used to define the Hamiltonian projected on the
impurity state
HˆR =
〈
Hˆ
〉
= Bext
〈
Jˆz + Lˆz
〉
+B0
〈
Jˆ2z
〉
+B
〈
Lˆ2
〉
+
∑
kλµ
(
ω(k)bˆ†kλµbˆkλµ +
[ 〈
Vˆkλµ(ϕˆr, Ωˆ)
〉
bˆ†kλµ +H.c.
])
,
(20)
5where
〈
Aˆ
〉
≡ 〈φimp| Aˆ |φimp〉 and the interaction matrix
element〈
Vˆkλµ(ϕˆr, Ωˆ)
〉
=
〈∑
lδαγ
Uδγµlαλ (k)Yˆ ∗l,δ
(pi
2
, ϕˆr
)
Yˆ ∗α,γ
(
Ωˆ
)〉
.
(21)
The projected Hamiltonian (20) can be diagonalised
with respect to bosonic operators via the following uni-
tary coherent-state transformation
Uˆ = exp
[
−
∑
kλµ
1
ω(k)
(〈
Vˆkλµ(ϕˆr, Ωˆ)
〉
bˆ†kλµ −H.c.
)]
.
(22)
The energy functional is subsequently obtained by taking
the expectation value with respect to the ground state of
bosonic bath, |0〉,
ER = 〈0| Uˆ−1HˆRUˆ |0〉 = Bext
〈
Jˆz + Lˆz
〉
+B0
〈
Jˆ2z
〉
+B
〈
Lˆ2
〉
−
∑
kλµ
ω−1(k)
∣∣∣ 〈Vˆkλµ(ϕˆr, Ωˆ)〉 ∣∣∣2 . (23)
In other words, we have chosen the bosonic state |ξbos〉 to
be the coherent state of the bath Uˆ |0〉, which accounts
for an infinite amount of phonon excitations.
In general, the impurity state is given by a superposi-
tion of the angular momentum eigenstates
|φimp〉 =
∑
jmn
βjmn |n〉 |jm〉 , (24)
which mixes external |n〉 and internal |jm〉 rotational
states. The energy functional may therefore be written
as a function of the variational coefficients βjmn
ER =
∑
jmn
|βjmn|2[Bext(n+m) +B0n2 +Bj(j + 1)]
−
∑
kλµ
1
ω(k)
∣∣∣∣∣ ∑
jmn
j′m′n′
β∗j′m′n′βjmnU˜kλµjmn,j′m′n′
∣∣∣∣∣
2
, (25)
with the coupling
U˜kλµjmn,j′m′n′ =
∑
αl
Uα(k)
√
(2α+ 1)2(2l + 1)(2j′ + 1)
(2j + 1)(2λ+ 1)
· iλ−α−ljl(kr0)Yl,δ
(pi
2
, 0
)
Cj0α0,j′0C
jm
αγ,j′m′C
λ0
α0,l0C
λµ
αγ,lδ ,
(26)
where γ = m−m′ and δ = µ−m+m′ subjected to the
restrictions of the Clebsch-Gordan coefficients.
Provided that the emergent interaction between exter-
nal and internal angular momenta in the weak-coupling
regime is a consequence of a phonon exchange, we would
expect to observe a similar, yet more pronounced, effect,
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FIG. 4. (a) Ground state energy dependence on the impurity-
bath interaction strength. The values are obtained through
the minimization of Pekar functional (25). (b) Angular mo-
mentum correlation dependence on the interaction strength.
At the critical value ac ≈ 8.3, the system exhibits transition
to the spin-orbit coupled regime. (c) Dependence of the vari-
ational coefficients amplitudes on the interaction amplitude.
The transition to the correlated regime is explained by the re-
distribution of coefficients’ amplitudes at values higher than
the critical strength ac.
considering the ansatz with the multitude of phonons.
The correlation can be written in terms of the variational
coefficients as
C =
∑
jmn
mn
∣∣βjmn∣∣2 − (∑
jmn
m
∣∣βjmn∣∣2)(∑
jmn
n
∣∣βjmn∣∣2) .
(27)
For the numerical evaluation of Eqs. (25) and (27), we
use a simplified model of interaction potential between
6the impurity and bath degrees of freedom:
Uλ(k) =
ak√
2λ+ 1
e−k , (28)
with a being a free parameter defining the strength of
interaction. This model potential resembles the behavior
of Eq. (17) and together with the simplified dispersion
relation ω(k) ≡ 1, it effectively decreases the complexity
of computations.
The Pekar energy functional (25) is minimized with re-
spect to the variational coefficients to define the energy of
the ground state, which is presented in Fig. 4(a). Energy
values exhibit a smooth behavior and experience a decay
with increasing interaction strength. In Fig. 4(b) we show
the angular momentum correlation dependence on the in-
teraction amplitude. The correlation function, similarly
to Ref. [50], exhibits a sharp transition to non-zero values
at the critical point ac ≈ 8.3 and shows a saturation at
high values of a. To explain this behavior, in Fig. 4(c) we
show the dependence of variational coefficients βjmn am-
plitude on the interaction strength. In the low impurity-
bath interaction regime, the system is in its ground state
|0, 0,−1〉 with the first term in Eq. (25) dominating. At
the transition threshold ac, however, the exchange be-
tween internal and external rotations occurs and the sys-
tem exhibits the states that maximize the interaction
with the surroundings: |1,−1, 0〉,|1, 0,−1〉,|1, 1, 0〉. Con-
sequently the second (interaction) term in Eq. (25) starts
prevailing, manifesting the correlation. It is worth notic-
ing that the energy of the system, depicted in Fig. 4(a),
does not show a kink, implying that the transition be-
tween different angular momentum configurations occurs
within the same energy level.
These results explicitly connect the angular momen-
tum exchange between internal and external rotations
with the correlation of the angular momentum operators.
Since the latter was chosen as a measure of the spin-orbit
coupling in the system, the strong-coupling approach in-
dicates that such interaction is mediated by excitations
in many-body environment.
V. CONCLUSIONS
To summarize, we have obtained the effective Hamilto-
nian of a rotating mobile impurity immersed in a bosonic
medium, in the case where the center-of-mass motion is
confined to a ring. We calculated the spectral function
of the system in the regime of weak coupling between the
molecule and the many-body environment. We observed
transitions between distinct energy levels occuring in the
vicinity of the angulon instability [37]. The transition
probabilities were found to be dependent on the relative
angular momenta orientations in system. This leads to a
conclusion that the energy of each state depends on the
coupling between external and internal rotations, similar
to the conventional spin-orbit interaction. We have used
the correlation between angular momentum operators as
a quantitative measure of such coupling. The numerical
calculation has shown that the amplitude of this correla-
tion depends strongly on the relative orientations of the
angular momenta. This allowed us to connect the excita-
tions in the phonon continuum observed in the spectrum
with the interaction between external and internal rota-
tional degrees of impurity.
To provide a broader view on the problem, we applied
a Pekar approach to the regime, where the impurity is
strongly interacting with the medium. In this case we
considered a coherent state of phonon excitations, in-
stead of the single-phonon variational ansatz used in the
weak-coupling regime. Thus, the spin-orbit interaction
was expected to be more pronounced. The numerical
study revealed that the main factor inducing the cou-
pling between internal and external degrees of freedom
is the redistribution of the state amplitudes above the
critical interaction strength. Since the moment when the
interaction with surroundings starts dominating, the sys-
tem chooses to occupy the states that maximize this in-
teraction. This induces the correlation between external
and internal angular momenta. This result implies the
existence of an effective spin-orbit interaction mediated
by the many-body environment. The sharp transition to
the interacting regime is promising for the applications
either directly in few-impurity systems in the presence
of a medium (similar to Ref. [5–7]) or in a large set of
collective phenomena that arise as a consequence of such
interactions, i.e., spintronics phenomena [15, 16] or topo-
logical electronic states [26–28].
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